Fermion masses in a model for spontaneous parity breaking by Coutinho, Y. A. et al.
ar
X
iv
:h
ep
-p
h/
00
03
29
6v
3 
 9
 Ja
n 
20
01
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In this paper we discuss a left-right symmetric model for elementary particles and their connection
with the mass spectrum of elementary fermions. The model is based on the group SU(2)L⊗SU(2)R⊗
U(1). New mirror fermions and a minimal set of Higgs particles that breaks this symmetry down
to U(1)em are proposed. The model can accommodate a consistent pattern for charged and neutral
fermion masses as well as neutrino oscillations. An important consequence of the model is that the
connection between the left and right sectors can be done by the neutral vector gauge boson Z and
a new heavy Z′.
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I. INTRODUCTION
The origin of the left-right asymmetry in weak inter-
actions is a longstanding problem in elementary particle
physics. One possible way to understand this asymmetry
is to enlarge the standard model into a left-right symmet-
ric structure and then, by some spontaneously broken
mechanism, to recover the low energy asymmetric world.
Many models were developed, based on grand unified
groups [1], superstring inspired models [2], a connection
between parity and the strong CP problem [3], left-right
extended standard models [4]. All these approaches im-
ply the existence of some new intermediate physical mass
scale, well bellow the unification or the Planck mass scale.
The increasing experimental evidence on neutrino oscil-
lations and non zero masses has also motivated a renewed
interest on mechanisms for parity breaking.
Left-right models starting from the gauge group
SU(2)L ⊗ SU(2)R ⊗ U(1)B−L were developed by many
authors [5] and are well known to be consistent with the
standard SU(2)L ⊗ U(1)Y predictions for fundamental
interactions and imply new heavy gauge bosons, not yet
observed. However, for the fermion mass spectrum there
is no unique choice of the Higgs sector that can repro-
duce the observed values for both charged and neutral
fermions, neither the fundamental fermionic representa-
tion is uniquely defined.
In this paper we present a model that starts by the
simple gauge structure of SU(2)L ⊗ SU(2)R ⊗ U(1) and
investigate a minimal Higgs sector that breaks the left-
right symmetry. The fermion mass spectrum is studied
for several choices of the Higgs sector. This paper is or-
ganized as follows: in section II we present our main as-
sumptions for a left-right model; in section III we review
the properties of new gauge interactions; in section IV we
present a number of possibilities for the Higgs sector of
fermion masses; in section V we show some phenomeno-
logical consequences for testing the models here proposed
and in section VI we give our conclusions.
II. THE MODEL
The fundamental fermionic transformation under par-
ity is very simple in the context of QED: it is done
by the transformation between the right and left com-
ponents of the same fundamental fields. Weak interac-
tions indicates new elements in the parity transforma-
tion mechanism since the right and left components have
different isospin assignments and there is no deeper un-
derstanding of this asymmetry. As the parity asymme-
try is clearly displayed only in the weak isospin doublet
of the fundamental fermionic representation, we take as
a minimal gauge sector the left-right symmetric group
SU(2)L ⊗ SU(2)R ⊗ U(1)Y , with generators (T, T ∗, Y ).
The U(1) quantum number could be gauged as B-L. This
group can be considered as a sub-group of many unifi-
cation groups like the superstring inspired E8 ⊗ E′8 or
the SUSY - SO(10)⊗ SO(10)′. Earlier left-right models
[5] were based on the hypothesis of a symmetric world
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with fundamental fermions at the same mass scale of the
presently known standard quarks and leptons. Some re-
cent models propose a duplication of the full standard
model gauge sector SU(3) ⊗ SU(2) ⊗ U(1). More re-
cently other models [1,4] were proposed with different left
and right mass scales. We consider a particular choice
that avoids the introduction of a second photon, which is
known to present difficulties with the positronium decay
rate [6]. We will assume this starting point and introduce
new mirror fermions with the following assignment:
ℓL =
(
ν
e
)
L
, νR, eR
P←→ LR =
(
N
E
)
R
, NL, EL
(II.1)
(
1
2
, 0,−1); (0, 0, 0); (0, 0,−2) (0, 1
2
,−1); (0, 0, 0); (0, 0,−2)
The other lepton and quark families follow a simi-
lar pattern. This fundamental representation clearly is
anomaly free. In this model the parity operation trans-
forms the SU(2)L
P←→ SU(2)R sectors, including the
vector gauge bosons. This symmetry property can be
used to reduce the three group constants gL; gR; g
′ to
only two, with gL = gR. For the other leptonic and quark
families a similar structure is proposed. The charge gen-
erator is given by Q = T3 + T
∗
3 + Y/2.
In order to break SU(2)L ⊗ SU(2)R ⊗ U(1)Y down
to U(1)em we introduce two Higgs doublets that under
parity are transformed as χL ↔ χR. Their quantum
numbers are:
χL
P←→ χR (II.2)
(
1
2
, 0, 1) (0,
1
2
, 1)
and the corresponding symmetry breaking is realized
through the vacuum parameters vL and vR. The model
includes a Higgs field Φ in the mixed representation
(1/2,1/2,0). The symmetry breaking is done by the neu-
tral components, with parameters k and k′. Finally we
consider scalar fields in the representation (0,0,0), bro-
ken at sGUT or at lower scales. In the standard model,
and also in some of its extentions, Higgs doublets are re-
sponsible for the gauge boson masses as well as for the
fermion masses. For the gauge bosons this hypothesis
is strongly confirmed by the experimental result ρ = 1.
For the fermion masses the standard model requires ad-
justing by hand the Yukawa couplings in order to repro-
duce the observed mass spectrum. Although this proce-
dure is consistent in the sense that all couplings satisfy
gi < 1, there is no direct experimental confirmation for
this hypothesis. One of the main points of our work is to
show that Higgs singlets in left-right models can give a
consistent charged and neutral fermion mass spectrum.
We are also supposing the symmetry breaking hierarchy
sGUT >> vR >> vL, k, k
′.
III. THE GAUGE BOSONS
In order to make our presentation more complete we
briefly review in this section the main properties of the
gauge sector in the SU(2)L ⊗ SU(2)R ⊗ U(1)Y model.
The symmetry breaking mechanism follows the stan-
dard model procedure and, with the above hierarchy, we
readily find for the charged vector bosons the masses (for
vL >> k, k
′):
M2WL ≃
1
4
g2Lv
2
L
M2WR ≃
1
4
g2Rv
2
R (III.1)
We call attention to the fact that the above Higgs
field in the mixed representation (1/2,1/2,0) implies a
mixing between WL and WR. This mixing is given by
sin θM = kk
′/v2R. It is well known that this mixing is
strongly suppressed, as required by the absence of right-
handed currents [5,7]. From the first equation III.1, we
have the identification vL = vFermi and the charged cur-
rent interactions of standard fermions must be according
to (1/2; 0;Y ) → WL and for the new mirror fermions
(0; 1/2;Y )→WR. There are alternatives to this scheme.
We can also have vL = 0 and the Fermi scale is given by
v2Fermi ≃ k2 + k′2 [7] with a small mixing between WL
and WR.
Before proceeding to the neutral sector it is convenient
to introduce the notation,
sin2θW ≡ g
2
Rg
′2
g2Rg
2
L + g
2
Rg
′2 + g2Lg
′2
sin2β ≡ g
′2
g2R + g
′2
(III.2)
This is a change from (gL; gR; g
′) to the basis
(gL; sin θW ; sinβ). The condition gL = gR implies sinβ =
tan θW . We also introduce the ratio ω = vL/vR, which
is supposed to satisfy ω2 ≪ 1 due to the non observation
of any new physical scale with energies up to 1 TeV.
For the neutral vector boson sector we find, after di-
agonalization and expanding in powers of ω,
Mγ ≡ 0
M2Z ≡
1
4
v2Lg
2
L
cos2 θW
{1− ω2 sin4 β}
M2Z′ ≡
1
4
v2Rg
2
Ltan
2 θW tan
2 β{1 + ω
2sin22β
4 sin2 θW
} (III.3)
The unification condition for the electromagnetic in-
teraction is the same as in the standard model,
2
e = gL sin θW , (III.4)
and the ρ parameter is changed to
ρ =
M2WL
M2Z cos
2 θW
{1− ω2 sin4 β} (III.5)
In order to compare the model with the experimental
data, we must develop the neutral current interactions.
First we recall that the gauge sector of the model has
five input parameters gL; gR; g
′; vL; vR. The condition
gL = gR reduces them to four. We take as experimen-
tal inputs [8] MW = 80.4 GeV; sin
2 θW = 0.2230 and
α(MZ) = 1/128. The W mass is much less precise than
the Z mass, but we have taken this procedure since from
equation III.1 the determination of the fundamental pa-
rameters is much more transparent. If we start from the
Z mass there is no significative changes in our conclu-
sions. With the values above we readily obtain vL = 248
GeV and gL = 0.6635 as in the standard model and
sin2 β = 0.286 (III.6)
Then the only unknown in the gauge sector of the
model is vR which is supposed to be higher than vL.
The neutral currents coupled to the massive vector
bosons Z and Z’ are given by:
Jµ =
gL
cos θW
γµ{(1− ω2 sin4 β)T3 − ω2 sin2 β cos2 βT ∗3
− Q sin2 θW (1 − ω
2 sin4 β
sin2 θW
)}
J ′µ = gL tan θW tanβγµ{(1 +
ω2 sin2 β cos2 β
sin2 θW
)T3
+
1
sin2 β
T ∗3 −Q(1 + ω2 cos2 β sin2 β)} (III.7)
From the first of the preceding equations we clearly
recover the standard model result for Jµ(Z) in the limit
ω2 → 0. The new neutral fermion’s coupling with the
standard Z is suppressed by a factor ω2. However, the
standard fermion’s couplings with the new Z’ are not sup-
pressed, according to the second of equations III.7. The
main question at this point is how small ω can be in order
that the model agrees with present data. It is well known
that the presently known high precision data requires the
inclusion of the standard model quantum corrections, in
order to make a consistent comparison between theory
and experiment. To compare the model with data we
have considered that the new terms in equations III.7
are small corrections to the standard model predictions
and at least of the same order of the quantum corrections.
We have computed the corrections to the Z couplings to
standard fermions and found
gL,RV = g
SM
V − (ω2 sin4 β){TL3 − 2Q}
gL,RA = g
SM
A − (ω2 sin4 β){TL3 }
(III.8)
The Particle Data Group, in their 2000 edition [8],
summarizes the present data from low energy lepton in-
teraction, lepton-hadron collisions and the high precision
data from LEP and SLAC. They also present the experi-
mental averages for the gV and gA couplings for charged
and neutral leptons. The most stringent bounds comes
from the effective coupling of the Z to the electron neu-
trino gνeexp = 0.528 ± 0.085 and Γinvexp(Z) = 498.8 ± 1.5
MeV, to be compared with the standard model predic-
tions gSM = 0.5042 and Γ
inv
SM (Z) = 501.65± 0.15 MeV.
For the muon neutrino coupling with the Z boson, the
Particle Data Group quotes gνµexp = 0.502 ± 0.017. We
have performed a fit to this data, using the standard
model predictions, and we find that deviations from the
standard model must be bounded, at 95% confidence
level by:
(ω2 sin4 β) < 10−4 (III.9)
This bound is consistent with the present experimental
constraint on the ρ parameter. With the value for sinβ
given in equation III.6, we have the bound
vR > 30 vL (III.10)
For the new Z’ mass we have
MZ′ > 800 GeV (III.11)
This value is a little above the present experimental
bounds on new gauge bosons searches done by the CDF
and D0 collaborations [9] at Fermilab.
IV. THE FERMION MASSES
The fermion mass spectrum depends both on the Higgs
choice of the model and on the fundamental fermionic
representation. A particular property of the model is the
presence of left and right handed singlets in the funda-
mental representation. This means that we can add to
the mass lagrangian new bare terms or new Higgs scalars
which have no consequences on the vector gauge boson
masses. We consider two new Higgs singlets, one that
is coupled to Dirac terms in the mass lagrangian - SD
- and the other that couples to Majorana terms - SM .
After spontaneous symmetry breaking they develop vac-
uum parameters sD and sM , respectively.
The most general Yukawa lagrangian is given by,
L = f{ℓLχ˜LνR + LRχ˜RNL}+ f ′{ℓLχ˜LNCL + LRχ˜RνCR}
+ gSM{NCLNL + νCRνR}+ g′SD{νRNL}
+ f”{ℓLΦLR}+ g∗SD{eREL}+ h.c. (IV.1)
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For the neutral fermions, the mass lagrangian after
symmetry breaking is given by
L = fvLνLνR + f ′vLνcLNL + fvRNRNL + f ′vRNCR νR +
+ gsMNCLNL + gsMν
C
RνR +
+ g′sDνRNL + g”kνLNR, (IV.2)
For the charged fermions we have a similar lagrangian,
except for the conjugated terms. The generalization for
the other families is straightforward. The diagonalization
is most easily done [10] by introducing the self conjugated
fields
χi = ψiL + ψ
C
iL
ωj = ψjR + ψ
C
jR (IV.3)
with i, j = ν,N .
We will consider in this paper that the order of magni-
tude of the fermionic mass spectrum is given by the sym-
metry breaking scales and their combinations. This is a
departure from the standard model procedure of adjust-
ing the coupling constants in the Yukawa interactions.
So we are supposing that all coupling constants are of
order one.
In the basis (χν ;ωN ;χN ;ων) the general neutrino mass
matrix is:
Mν,N =


0
k
2
vL
vL
2
k
2
0
vR
2
vR
vL
vR
2
sM
sD
2
vL
2
vR
sD
2
sM


and the charged fermion mass matrix is:
Me,E =


0 k′ 0 vL
k′ 0 vR 0
0 vR 0 sD
vL 0 sD 0


For this last case, we recover the Dirac formalism by
the standard [10] π/4 rotations over the Majorana fields.
After the results of the Super Kamiokande collabora-
tion [11] there are strong experimental evidence that neu-
trinos oscillate and have non-zero mass [12]. Atmospheric
neutrino experiments are consistent with νµ ↔ ντ oscil-
lations with a large mixing and ∆m2 = (1.5 − 6)10−3
eV 2. Solar neutrino evidence still allow some alternative
solutions like vacuum oscillations and large and small an-
gle MSW mechanism. If one considers the LSND results
[13] then the solution for the neutrino parameters seems
to indicate the need of a forth sterile neutrino, but so far
there is no confirmation of this result. In phenomenologi-
cal models for quark and lepton masses we have a number
of possibilities for fermion mass textures in models such
as SO(10) [14]. In view of the present experimental sit-
uation we will not proceed to fit all the neutrino masses
and mixings but we will look for solutions which could ac-
commodate neutrinos with masses in the 10−2−10−3 eV
range. We present three possible solutions, which differ
in the choice of the symmetry breaking parameters.
• Model I
In this model we consider that the mixed Higgs field
do not break the vacuum symmetry (k = k′ = 0) and
that the Higgs singlets are both broken at sGUT . For
neutrinos we have the following masses
mν1 = v
2
L/sGUT
mν2 = v
2
R/sGUT
mN1 ≃ mN2 ≃ sGUT
(IV.4)
and for the charged fermions
me = vLvR/sGUT
mE = sGUT (IV.5)
In this model we have the ”universal see-saw” mass re-
lation [15] mν1mν2 = m
2
e. Using vL = vFermi and
sGUT = 10
16 GeV, we must have vR = 10
10 in order to
obtain the correct value for the electron mass. The first
generation mass spectrum is then given by mν1 ≃ 10−2
eV ; mν2 ≃ 10 TeV ; mN1 ≃ mN2 ≃ 1016 GeV; me ≃ 1
MeV; ME ≃ 1016 GeV. The smallness of the electron
mass is a consequence of a ”see-saw” mass relation given
by equation IV.5. This is a departure for the standard
model mechanism for fermion masses. There is no mix-
ing between ν1 and ν2 and we have an example of a
sterile neutrino coming from a new exotic doublet. The
presently observed neutrino mixing must come from a
possible generation mixing in the general neutrino mass
lagrangian. Standard charged quarks are also found to
be in the MeV mass range, with mq = vLvR/sGUT . With
this high value for vR we have no experimental accessi-
ble accelerator possibilities for new gauge vector bosons.
For the Large Hadron Collider (LHC) it has recently been
shown [16] that heavy neutrino production is limited to
masses of a few hundreds of GeV. Heavy neutrinos with
masses in the TeV region can be produced in the next
generation [17] of e+e− or e−µ+ colliders.
The vR value consistent with the electron mass is of
the order of the Peccei-Quinn symmetry breaking scale
[18] and we can have a possible explanation of the small
value for the θ-angle of the strong CP problem, as shown
in references [3,19]. In order to generate the other fam-
ilies mass spectrum we have two possibilities. The first
one, following the standard model procedure, is simply
to adjust the coupling constants in the general mass la-
grangians. The other possibility is to enlarge the Higgs
singlet sector, postulating one new field for each family.
In this last case we have an hierarchy for neutrino masses.
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• Model II
In this model we impose explicit lepton number conser-
vation and k = k′ = 0.The Majorana mass terms must
be zero, except for the Higgs singlet coupled to Majo-
rana mass terms in the neutrino sector that can have
two units of leptonic number. Lepton number is then
spontaneously broken by this term at a scale sM ≃ sGUT
and the Higgs singlet coupled to Dirac mass terms is al-
lowed to be broken at a lower scale. The neutrino mass
spectrum is given by
mν1 = v
2
L/sM
mν2 = v
2
R/sM
mN1,N2 = sM ± sD/2
(IV.6)
and for the charged fermions
me = vLvR/sD
mE = sD (IV.7)
If we take vL = vFermi and sM = sGUT , then the elec-
tron and quark masses allow a solution given by vR ≃ 104
GeV and sD ≃ 1010 GeV. Here again we have a ”see-saw”
mechanism for the electron mass. In this model we could
have an experimentally accessible new neutral current,
as shown in Fig. 1. One light neutrino has a mass in
the 10−2− 10−3 eV range and the other is in the 1− 0.1
eV region. These neutrinos are orthogonal and again we
have a new sterile neutrino. The Peccei-Quinn symme-
try breaking scale reappears in the Higgs singlet sector.
Family replication can be recovered with different Dirac
singlets and for only one Majorana mass scale we can
have a degenerate neutrino mass spectrum.
• Model III
We consider the same Higgs sector as in Model I, ex-
cept for the mixed representation, with a small value
for k′. The electron mass is changed to me = k
′ +
vLvR/sGUT . If we adjust k
′ = me then there is no need to
a large vR as in the first model. The down-quark mass is
given by the same value of k′. However, for the up-quark
mass we need a new k ≃ k′ in the mixed representation
and this will not give a correct neutrino mass. An alter-
native to this difficulty is to consider that neutrinos are
massless at tree level and acquire masses through quan-
tum corrections [19,20]. As this mechanism involves new
additional hypothesis we will not develop the full solution
here. We can recover the bound vR = 10
3−104 GeV and
we have the possibility to test this model through the
new Z ′ interactions.
The generalization for the other families can be eas-
ily extended from the above arguments. However, the
mixing angle pattern is not so simple. A first approach
is to generalize the see-saw mechanism, with mixing an-
gles given by the mass ratios θmix ≃ mν/mN , which are
very small numbers. There are many models that avoid
such a restriction: the introduction of an arbitrary num-
ber of right-handed neutrinos [21]; some fine-tuning in
the neutrino mass matrix [22] and any general singular
neutrino mass matrix can disconnect mixing parameters
from mass ratios. So we will take mixing angles and neu-
trino masses as independent parameters. The high pre-
cision experimental data from LEP and SLC gives the
bound [23] sin θ2mix < 10
−2 − 10−3.
V. PHENOMENOLOGICAL CONSEQUENCES
Let us now turn our attention to some of the phe-
nomenological consequences of the models developed in
the preceding section. For Model I the high value of vR
makes new gauge bosons out of reach even for the next
generation of accelerators. The model can be tested via
the new mirror fermions, coupled to the standard model
neutral current according to equation III.7. New charged
leptons are coupled to the Z proportional to sin2 θW and
their phenomenology was extensively studied by many
authors [24]. The new neutral heavy lepton’s coupling
to Z is suppressed by a factor ω2 sin4 β < 10−4 and
can be detected only if heavy neutrinos are mixed with
light neutrinos. This introduces a new mixing parame-
ter that it is also known to be small [23], of the order of
α2mix ≃ 10−2−10−3. TheNN¯ coupling to Z is suppressed
by sin2 αmix and the light-to-heavy neutrino coupling to
Z is given by a single power of sinαmix. This means that
single heavy neutrino production is favored relative to
pair production [17,25].
In Fig. 1 we show the total cross section for pair and
single Dirac heavy neutrino production in e+e− collisions
at a new Next Linear Collider (NLC) at
√
s = 2 TeV.
For a single heavy neutrino production we can identify
the signal by it’s decay in e±W∓. These processes can
be readily calculated by using high energy algebraic pro-
grams such as CompHep [26].
In Fig. 2 we show the eW invariant mass distribution
for both the signal and standard model background for
e+e− → e± νeW∓ and MNe = 400 GeV. In this pro-
cess we have 6 diagrams from the new heavy lepton and
12 from the standard model background [26]. Here again
we can separate the signal from the standard model back-
ground, if we take the upper bound sin2 αmix < 0.0052
[16].
In Model II we can have the production of new heavy
neutral gauge bosons with mass scales accessible at
hadron colliders. Dilepton production in hadron-hadron
collisions give a very clear signal for a new Z’. The new
facilities at the Tevatron proton-antiproton collider, with√
s = 2 TeV and a luminosity of 1000 pb−1, will allow
the search of the new Z’ with masses in the 800-1000 GeV
region. For pp¯ −→ Z ′ −→ ℓ±ℓ∓, with ℓ = e, µ, we expect
20 events for a Z’ mass of 800 GeV. We have employed
the parton distribution functions CTEQ4m by [27].
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The Large Hadron Collider (LHC) facilities using
proton-proton collisions at
√
s = 14 TeV, will attain
higher Z’ masses in the 1-4 TeV region. We show in
Fig. 3 the invariant mass distribution for the Z ′ decay
at the LHC, with MZ′ = 2 TeV in the leptonic channel
Z ′ → ℓ±ℓ∓ with ℓ = e, µ. For an integrated luminosity at
LHC of 100 fb−1 and cuts of Eℓ > 20 GeV and |η| < 2, 5
we expect 1000 events for MZ′ = 1 TeV and only one
event for MZ′ = 4 TeV. New heavy neutrinos can also
be coupled to new heavy neutral gauge bosons and can
be produced at the new large hadron collider. A detailed
study of these possibilities was done in Ref. [28].
VI. CONCLUSIONS
In conclusion we have shown that spontaneously bro-
ken parity models with a consistent fermion mass spec-
trum can be built at intermediate scales ranging from
103 to 1010 GeV. New mirror fermions are present and
can be connected to ordinary fermions through neutral
currents. We propose a simple Higgs sector for the model
that allows several physically interesting solutions. The
charged fermion masses can be generated by a ”see-saw”
mass relation, analogous to the neutrino sector. Various
scenarios for neutrino masses are possible and a more
clear experimental definition on neutrino masses will al-
low to test their reality. Neutral heavy gauge bosons Z
and Z’, coupled to ordinary and new mirror fermions, are
expected to play a fundamental role in the understand-
ing of the left-right symmetry. This is a departure from
other models [2,29] that propose gravitation as the con-
nection between the left and right sectors. Experimental
consequences of the model could be found at the next
generation of colliders.
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Figure Captions
1. Total cross section for pair and single heavy neu-
trino production for e+e− collisions at NLC collider
with
√
s = 2 TeV. Ne corresponds to a heavy neu-
trino of the electron family.
2. Invariant eW mass distribution in the process
e+e− → e+ νeW− at NLC with
√
s = 2 TeV and
MNe = 400 GeV. The flat part of the curve is the
standard model background.
3. The invariant mass distribution for pp −→ Z ′ →
ℓ±ℓ∓ (where ℓ =e or µ) for pp collisions at LHC
with
√
s = 14 TeV, E > 20 GeV and |η| < 2, 5 and
MZ′ = 2 TeV.
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